The development of osteoblasts is regulated by various hormones including parathyroid hormone (PTH), 1) 1a,25-dihydroxyvitamin D 3 (1a,25(OH)D 3 ), 2) estrogen 3) and glucocorticoids 4) as well as other local factors, such as bone morphogenetic proteins (BMPs), hedgehogs and the transcription factor, core-binding factor a-1 (Cbfa1). 5) In recent years, extracellular nucleotides have also been considered to be regulating factors in bone cells; for example, the release of ATP from osteoblasts into the extracellular space after stimulation by mechanical strain [6] [7] [8] [9] and stimulating factors, 6) the presence of functional P2 receptors in osteoblasts, 6, 10) or the role of extracellular nucleotides in autocrine/paracrine signaling in the cell. 6, [10] [11] [12] It is generally accepted that immortalization of various cell types by simian virus (SV) 40 T-antigen could at least lead to some stabilization of cell-type specific functions and that the growth and differentiation of cell lines established by the temperature-sensitive (ts) mutant of SV 40 T-antigen gene could be controlled by temperature shifts. [13] [14] [15] [16] Yanai et al. tried to establish many stromal cell lines from the bone marrow of transgenic mice harboring ts SV 40 T-antigen gene. [17] [18] [19] [20] TBR31-2 is one of those stromal cell lines, and Negishi et al. reported that TBR31-2 cells have characteristics of undifferentiated cells that have the potential to express the multipotential cell lineages, including osteoblasts during longterm culture. 21) In addition, as their differentiation is strictly controlled by the temperature shift and culture medium, they are advantageous when examining the molecular mechanism separating the proliferative phase from differentiation phase.
It is generally accepted that immortalization of various cell types by simian virus (SV) 40 T-antigen could at least lead to some stabilization of cell-type specific functions and that the growth and differentiation of cell lines established by the temperature-sensitive (ts) mutant of SV 40 T-antigen gene could be controlled by temperature shifts. [13] [14] [15] [16] Yanai et al. tried to establish many stromal cell lines from the bone marrow of transgenic mice harboring ts SV 40 T-antigen gene. [17] [18] [19] [20] TBR31-2 is one of those stromal cell lines, and Negishi et al. reported that TBR31-2 cells have characteristics of undifferentiated cells that have the potential to express the multipotential cell lineages, including osteoblasts during longterm culture. 21) In addition, as their differentiation is strictly controlled by the temperature shift and culture medium, they are advantageous when examining the molecular mechanism separating the proliferative phase from differentiation phase.
The role of the increase in intracellular calcium ion level ([Ca 2ϩ ] i ) induced by ATP in regulating TBR31-2 cells has not yet been investigated. Therefore, we investigated the effects of extracellular ATP on [Ca 2ϩ ] i in TBR31-2 cells induced to differentiate toward osteoblasts.
MATERIALS AND METHODS
Materials RITC80-7 medium and plastic tissue culture flasks were obtained from Asahi Techno Glass (Tokyo, Japan), and other materials were obtained from the following sources: fetal bovine serum (FBS) and alpha-modified minimum essential medium (a-MEM) from Gibco-BRL Laboratories (Great Island, NY, U.S.A.); human recombinant epidermal growth factor (EGF) from Wakunaga Pharmaceutical (Tokyo, Japan); human recombinant BMP-2 and L-ascorbic acid from Wako Pure Chemicals (Osaka, Japan); bicinchoninic acid (BCA) protein assay reagent from Pierce (Rockford, IL, U.S.A.); ATP from Oriental Yeast Co., Ltd. (Tokyo, Japan); uridine 5Ј-triphosphate (UTP), ADP, a,bmethylene ATP (a,b-mATP), MRS2179 (a selective P2Y 1 receptor antagonist), U73122 (a phospholipase C inhibitor), and thapsigargin (TSG, a calcium pump inhibitor) from Sigma Chemical Co. (St. Louis, MO, U.S.A.); pyridoxalphosphate-6-azophenyl-2Ј,4Ј-disulphonic acid (PPADS, a non-specific P2 receptor antagonist) from Tocris (Bristol, U.K. Cell and Cell Culture TBR31-2 cells were cultured in RITC80-7 medium supplemented with 2% FBS, 10 ng/ml EGF, 1 mg/ml insulin and 10 mg/ml bovine transferrin and maintained at 33°C in humidified 95% air and 5% CO 2 . Cells were passaged by trypsin treatment at 1-week intervals. To promote their differentiation, a confluent culture was maintained at 37°C with a-MEM supplemented with 10% FBS, 0.2 mM ascorbic acid and 5 mM b-glycerophosphate.
Osteogenic Cell Differentiation by BMP-2 TBR31-2 cells were cultured in RITC80-7 medium as described above. The cells were seeded on a 12-well microplate at a density of 1.9ϫ10 5 cells/well. Confluent cultures were successively cultured in a-MEM supplemented with the 10% FBS as described above and the temperature was adjusted to 37°C. The cells were treated without or with 200 ng/ml BMP-2, and the medium was changed every 3 d. Alkaline phosphatase (ALP) activity in osteogenic cells was measured as previously reported 22) with slight modification using p-nitrophenyl phosphate (pNP) as a substrate. Briefly, cultures were rinsed twice with phosphate-buffered saline, then lysed in 0.5 ml lysis buffer (10 mM Tris-HCl buffer, pH 7.4, 0.1% Triton X-100) on ice, and fractured for 1 min by an ultrasonic disintegrator. The supernatant obtained was used as an enzyme solution and assayed in 0.5 M Tris-HCl buffer (pH 9.0) containing 0.5 mM pNP and MgCl 2 . ALP activity was measured by the hydrolysis of pNP at 410 nm using a spectrophotometer (Iwaki, Tokyo, Japan). Protein was quantified using BCA protein assay with bovine serum albumin as a standard.
RT-PCR The confluent culture of TBR31-2 cells was shifted to 37°C in differentiation medium with 200 ng/ml BMP-2 for 2 or 5 d. Total RNA was extracted from differentiated cells by the acid phenol method using ISOGEN (Wako Pure Chemicals, Osaka, Japan), according to the manufacturer's protocol. Total RNA was treated with DNase I (Roche Diagnostics GmbH, Mannheim, Germany). cDNA was synthesized using oligodT primers and Moloney murine leukemia virus reverse transcriptase, followed by PCR amplification with the appropriate gene primers specific for P2Y receptors 23) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 24) The following oligonucleotide primers synthesized by Invitrogen Japan (Tokyo, Japan) were used: P2Y 1 forward 25-mer, 5Ј-TGGTGGCCATCTCCCCTATTCTCTT-3Ј; P2Y 1 reverse 20-mer, 5Ј-ATCTCGTGCCTTCACAAA-CT-3Ј; P2Y 2 forward 28-mer, 5Ј-TTCCACGTCACCCGCA-CCCTCTATTACT-3Ј; P2Y 2 reverse 31-mer, 5Ј-CGATTCCC-CAACTCACACATACAAATGATTG-3Ј; P2Y 4 forward 30-mer, 5Ј-CTTCTCTGCCTGGGTGTTTGGTTGGTAGTA-3Ј; P2Y 4 reverse 27-mer, 5Ј-TCCCCCGTGAAGAGATAGAG-CACTGGA-3Ј; P2Y 6 forward 24-mer, 5Ј-GCCAGTTATGG-AGCGGGACAATGG-3Ј; P2Y 6 reverse 27-mer, 5Ј-AGGAA-CAGGATGCTGCCGTGTAGGTTG-3Ј; GAPDH forward 20-mer, 5Ј-ACCACAGTCCATGCCATCAC-3Ј; and GAPDH reverse 20-mer, 5Ј-TCCACCACCCTGTTGCTGTA-3Ј.
PCR amplification was performed with a GeneAmp PCR system (Applied Biosystems) according to the following parameters: for GAPDH, denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 1 min for 30 cycles, followed by 5 min at 72°C; and for P2Y receptors, denaturation at 94°C for 60 s, annealing at 55°C for 30 s, and elongation at 72°C for 45 s for 35 cycles, followed by 10 min at 72°C. PCR products were electrophoresed on a 1.5% agarose gel (Nacalai Tesque), stained with ethidium bromide, and visualized with a UV-transilluminator (FAS-III, Toyobo, Osaka, Japan). Single products of the predicted sizes for P2Y 1 (595 bp), P2Y 2 (529 bp), P2Y 4 (473 bp), P2Y 6 (357 bp), and GAPDH (452 bp) were amplified.
Measurement of Intracellular Ca

2؉
The standard extracellular solution for measurement of [Ca 2ϩ ] i was PSS of the following composition: 140 mM NaCl, 4.0 mM KCl, 2.0 mM CaCl 2 , 2.0 mM MgCl 2 , 10 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, and 10 mM glucose (adjusted to pH 7.4 with NaOH). TBR31-2 cells were seeded on a 35-mm glass-base dish (12 mm F) at a density of 4.8ϫ10 4 cells/dish and then cultured with 200 ng/ml BMP-2 as described for differentiation conditions above. The cells on glass coverslips were incubated with 5 mM Calcium Green-1/AM for 30 min at 37°C. Cells were rinsed three times with PSS and then incubated in PSS for an additional 15 min at 37°C. Loaded coverslips were placed onto the stage of an inverted microscope coupled to a confocal scanner unit (C1; Nikon, Tokyo, Japan). An excitation wavelength of 488 nm generated by an argon-krypton laser (Melles Griot, CA, U.S.A.) was collected with a 540-nm long-pass dichroic reflector and a 515-530-nm long-pass emission filter through a PlanFluor ϫ40 objective (numerical apertureϭ0.6). The excitation images were acquired every 3 s using EZ-C1 software (Nikon, Tokyo, Japan) for a period of 100 frames. The increase of [Ca 2ϩ ] i in response to agonists was measured in groups of 6-10 Calcium Green 1-AM-loaded TBR31-2 cells, which were randomly selected in each experiment. The cells were stimulated by each agonist 1 min after the beginning of the experiment (F 0 ). Fluorescence intensity was calculated by dividing the fluorescence intensity just before stimulation or the maximum fluorescence intensity after stimulation (F) by the fluorescence intensity at F 0 to give the relative [ -free PSS after Calcium Green-1/AM loading, followed by incubation in Ca 2ϩ -free PSS for an additional 15 min at 37°C and were analyzed as described for the PSS incubation.
Statistics All values are expressed as meansϮS.E.M. Significant differences were analyzed using paired, unpaired Student's t-test, or Dunnett's test. pϽ0.05 was considered significant.
RESULTS
Differentiation toward Osteoblasts Enhanced by BMP-2 in TBR31-2 Cells
ALP is one of the important osteogenic differentiation markers. When the cells are cultured with BMP-2 (200 ng/ml), ALP activity was increased to about three-and six-fold that of the cells without BMP-2 at day 2 and day 5, respectively. Therefore, BMP-2 enhanced osteoblastic differentiation of TBR31-2 cells during shortterm culture (Fig. 1) . When the cells were cultured for a longer period, ALP activity was increased up to day 11 and then decreased (data not shown).
Effects by ATP was inhibited in the presence of 100 mM PPADS at day 2 and day 5 (Fig. 3) . MRS2179 (10 mM), which selectively blocks P2Y 1 receptors, inhibited the increase in [Ca 2ϩ ] i induced by ATP at day 2 ( Fig. 3a) , but not at day 5 (Fig. 3b) . (Fig. 3) .
Effects of Removal of External Ca
Expression of P2Y Receptor mRNA in TBR31-2 Cells To determine the expression of P2Y receptor mRNA in TBR31-2 cells, RT-PCR was performed. TBR31-2 cells exhibited mRNA expression of P2Y 1 , P2Y 2 , P2Y 4 , and P2Y 6 receptors, and each mRNA expression level was higher at day 2 than at day 5 (Fig. 4) .
DISCUSSION
Recent research has demonstrated that extracellular nucleotides including ATP have different responses in osteoblasts depending on the cell density, the stage of cell growth, 25) or the stage of differentiation. 26) In the present study, we examined the effect of extracellular ATP on [Ca 2ϩ ] i in osteoblast differentiation. We thus investigated the induction of TBR31-2 cells to differentiate toward osteoblasts.
BMPs, which belong to the transforming growth factor-b family of growth and differentiation factors, comprise of a family of more than 20 proteins. Among these, BMP-2, BMP-4, BMP-6 and BMP-7 (OP-1) have been extensively characterized as agents inducing bone formation in vitro and in vivo. [27] [28] [29] Here, we showed that TBR31-2 cells could be induced to differentiate to osteoblasts by BMP-2 during short-term culture and that treatment with BMP-2 dramatically increased ALP activity, which is commonly used as an osteoblastic marker. 30) We next demonstrated that stimulation with some P2 agonists, ATP, UTP, and ADP, but not a,b-mATP, increased [Ca 2ϩ ] i in TBR31-2 cells. Purinergic receptors can be divided into two subgroups: metabotropic P2Y receptors, which are coupled to G-protein and trigger inositol 1,4,5-triphosphate (IP 3 )-induced intracellular Ca 2ϩ release following activation of phospholipase C, and ionotropic P2X receptors that are ligand-gated channels. 31) ATP activates all P2 receptors. UTP is potent for P2Y 2 and P2Y 4 receptors and ADP is potent for P2Y 1 receptor. 32) Therefore these results support the notion that more than one P2Y receptor subtype is expressed in TBR31-2 cells. Activation of P2Y receptors may be involved in the increase in [Ca 2ϩ ] i more than that of P2X receptors, as a,b-mATP, a P2X agonist, did not affect [Ca 2ϩ ] i , in TBR31-2 cells.
Orriss et al. reported that osteoblasts expressed at least seven P2 receptor subtypes (P2X 2 , P2X 5 , P2X 7 , P2Y 1 , P2Y 2 , P2Y 4 , and P2Y 6 ).
26) The ATP-induced increase in [Ca 2ϩ ] i was inhibited by the addition of PPADS, which is a non-selective P2 receptor antagonist, and can block P2X 1 , P2X 2 , P2X 3 , P2X 5 , and P2Y 1 receptors. 33) In addition, in external Ca ] i is due to [Ca 2ϩ ] i release from the calcium store following activation of phospholipase C, and therefore activation of P2Y 1 receptor, but not P2X receptors, by ATP is associated with the increase in [Ca 2ϩ ] i . We found that PPADS could not completely block the ATP-induced increase in [Ca 2ϩ ] i in the 5-d culture, corresponding to a previous report by Orriss et al. They demonstrated that the expression of P2 receptors changed during the osteoblast life cycle depending on the differentiation state.
26) The selective inhibition of P2Y 1 receptor indicated that MRS2179 was effective against the ATP-induced increase in [Ca 2ϩ ] i in the 2-d culture, but not the 5-d culture, which was confirmed by the higher mRNA expression level of P2Y receptors in the 2-d culture compared with the 5-d culture. Thus, the expression level of P2 receptors in response to ATP in TBR31-2 cells may change during differentiation. Interestingly, the increase in [Ca 2ϩ ] i at day 2 tended to be higher than that at day 5. This suggests that the physiological role of ATP may be modified during differentiation. Some functions of P2Y receptors in osteoblasts have been reported. P2Y 1 has been reported to be involved in PTH-induced Ca 2ϩ signaling, release of proresorptive factors, such as prostaglandins and receptor activator of nuclear factor-kB (NF-kB) ligand (RANKL). P2Y 2 has been reported to be involved in inhibition of bone formation and intercellular communication between osteoblasts. 32) However, there are few reports about P2Y 4 and P2Y 6 . These and our present results indicate that the function of osteoblasts may be subtly regulated by a balance of expression of P2Y 1 and P2Y 2 receptor, or other P2Y receptors with unknown functions; that is, other P2Y receptors may support the increase in [Ca 2ϩ ] i instead of P2Y 1 receptor at day 5. We speculate that the amount of Ca 2ϩ in the calcium store may also be decreased, or inhibition of the signaling between P2 receptors and the calcium store, including the depression of G-protein, may exist during differ- 34) may also need to be considered. Further investigation into the role of P2 receptors and other factors in calcium signaling during differentiation is required to determine these mechanisms.
Koizumi et al. reported that cell density and growth downregulates [Ca 2ϩ ] i responses to agonist stimuli in MC3T3-E1 osteoblast-like cells. They also demonstrated that a gap junction inhibitor increases the response to ATP stimulation. 25) Moreover, Li et al. demonstrated that gap junctional intercellular communication is involved in bone differentiation and gap junction protein connexin (Cx)43 expressed in osteoblasts. Cx43 increases during differentiation and alters expression of osteoblastic differentiation markers including ALP. 35) Other groups indicated that the relative role of P2Y-mediated and gap junction-mediated intercellular calcium waves change during long-term culture of osteoblasts; that is, in less differentiated cells, P2Y-mediated intercellular calcium waves predominate, but as cells differentiate in culture, gap junction-mediated intercellular calcium waves become more prominent. 36, 37) In the present study, the ALP activity was increased during differentiation, suggesting an increasing in gap-junctions between cells, and gap junction-mediated instead of ATP-mediated calcium signaling may be increased at the late stage of differentiation.
We also speculate that ATP is hydrolyzed by ALP in differentiated TBR31-2 cells; it is thought that once ATP is released from a cell it is rapidly hydrolyzed by some enzymes, such as ectonucleotide pyrophosphatase, plasma membrane Ca 2ϩ -ATPase and ALP. This rapid hydrolysis would therefore restrict the action of ATP locally. Moreover, pyrophosphate and phosphate produced by ATP hydrolysis are important for mineralization in osteoblasts. 11, 38) We found that ALP activity in TBR31-2 cells is increased by BMP-2, indicating that ATP hydrolysis leads to decreased amounts of ATP. Thus, our results indicate that the difference in the ATP-induced increase in [Ca 2ϩ ] i might be related to the stage of differentiation, and it may be caused by a variety of factors as described above.
On the other hand, understanding of the physiological role of the ATP-induced increase in [Ca 2ϩ ] i is important. While calmodulin has been reported to stimulate BMP signaling, 39, 40) one report suggests that calmodulin inhibits Smad-1-mediated BMP signaling.
41) The role of ATP in a crosstalk between BMP-Smad and Ca 2ϩ /calmodulin signaling is also of interest. It has been reported that osteoblasts show an ATP-induced increase in [Ca 2ϩ ] i via activation of P2Y receptors, 6, 9, 10, 26) which are coupled to G-protein and trigger inositol 1,4,5-triphosphate (IP 3 )-induced Ca 2ϩ mobilization following activation of phospholipase C. 31) As calmodulin is the primary intracellular receptor, which is part of the IP 3 -induced Ca 2ϩ mobilization pathway found downstream of Gprotein-coupled receptors, 42) the ATP-induced [Ca 2ϩ ] i in osteoblasts may be involved in crosstalk between BMP-Smad and Ca 2ϩ /calmodulin signaling. In conclusion, we show that the source of the ATP-induced increase in [Ca 2ϩ ] i in TBR31-2 cells is from the calcium store through activation of P2Y receptors, and a balance of expression of P2Y receptors may be important, considering the difference we found between treating P2 antagonists, PPADS and MRS2179, in the 2-d and 5-d cultures. Furthermore, RT-PCR analysis showed that the mRNA expression of P2Y receptors changes during differentiation. Thus, the response difference to ATP is dependent on the stage of differentiation in the cells. Our results suggest that the physiological role of ATP in osteoblasts is altered during differentiation and ATP regulates the function of the cells. However, further studies on the role of the ATP-induced increase in [Ca 2ϩ ] i in each differentiation stage are needed to provide additional insight into the process of osteoblast differentiation and bone formation.
